We demonstrate experimentally that conductance steps can occur in nanowires formed at metal-semiconductor junctions, between a cobalt tip and a germanium surface revealing long-duration plateaus at reproducible levels. The high reproducibility of the conductance traces obtained leads to very sharp peaks in the conductance histogram suggesting formation of stable atomic configurations. We develop a new type of correlation analysis of the preferred conductance values that provide new type of information on a few-atomic-nanocontact formation dynamics.
Introduction
The interesting quantum effects occurring in nanowires with quantum point contact (QPC) can be of use in novel electronic circuits of nanometer dimensions. A QPC occurs when the nanowire width at its neck is comparable to the Fermi wavelength λ F . The value of the Fermi wavelength in metals, λ F ≈ 0.5 nm, is comparable to the diameter of a single atom. If, moreover, all the nanowire dimensions are below the electron mean free path l e , the nanowire conductance can be calculated from the Landauer formula G = G 0 N n=1 T n , where G 0 = 2e 2 /h is the conductance quantum and T n denotes the transmission coefficient. In this range of QPC width and nanowire dimensions the electrical conductance results from N independent electron wave modes, referred to as conductance channels, contributing to the electron transport. When T n = 1 in each conductance channel, the conductance of a nanowire with QPC is G = N G 0 , where N denotes the total number of open conductance channels. However, due to hybridization between different bands, or on few-atom level, between different orbitals usually T n < 1. Its value strongly depends on particular atomic arrangement in a QPC. Typically fabricated by means of a scanning tunneling microscope (STM) [1] and a mechanically controllable break junction (MCBJ) [2] , nanowires with QPC have also been produced in relays [3] and between macroscopic wires [4] . In each case, the QPC is achieved by drawing a previously formed nanowire. Obtained while the nanowire is being drawn, conductance versus time plots (conductance traces), reveal steps, which result from the closing of consecutive conductance channels as the nanowire narrows down. As the process of nanowire drawing is by its nature not fully reproducible, conductance histograms are constructed from a large number of conductance traces. In case of gold [3, 4] histogram peaks tend to occur around values at integer values of G 0 . The conductance histogram maxima result also from a correlation between the preferred conductance value and the preferred atom arrangement in a single-atom QPC [5] . The method of mechanical fabrication of nanowires has been used for conductance measurements of nanoscale metal-semiconductor contacts [6, 7] and semiconductor contacts [8] .
This paper reports that conductance steps due to quantum effects can occur in nanowires formed also at metal-semiconductor junctions. The electronic properties of interfaces result from the band structures of the materials in contact, where one can expect the formation of a Schottky barrier.
Experiment
Our experiment was performed with the p-type polycrystalline germanium sample with resistivity of about 0.5 Ω cm at room temperature and tips made of gold (of purity 99.999%) and cobalt (of purity 99.9975%). The germanium sample was cleaned by grinding the germanium surface. Next, surface regions with suitable cleanness were searched for. Precision piezoelectric actuator was used for tip positioning above the germanium surface. The whole mechanical setup was placed on an antivibration table. Nanowires were fabricated by indenting the tip in the surface and retracting it with a nanowire drawn, while the conductance traces were obtained. The measurements were made with a nanowire bias voltage of 400 mV under ambient conditions. Conductance histograms were built from the conductance traces with correction of the analog-to-digital converter differential nonlinearity error [3, 9] .
Results and discussion
We record conductance traces for nanowires formed between a gold tip and a gold surface, and between a gold tip and a germanium surface presented in Fig. 1a and 1b, respectively. In both cases the tip was brought towards the surface and then retracted at speed 16 µm/s; its range of movement in the z direction was 16 µm. The duration of conductance plateaus in nanowires formed in the gold-germanium system is found to be approximately two orders of magnitude longer than in the goldgold system, despite the same value of retraction speed. This effect can also be seen in other metals and at other retraction speed values. The observed effect is due to complex interplay of unique mechanical and electronic properties of the metal-semiconductors interface. The Fermi energy in germanium, E F (Ge) ≈ 0.34 eV, is much smaller than in gold, E F (Au) ≈ 5.5 eV. However, once the Au tip is indented in the Ge surface, the Fermi level E F (Au−Ge) of the metal-semiconductor system shifts to an intermediate value. The corresponding Fermi wavelength values in Au and Ge are λ F (Au) ≈ 0.52 nm and λ F (Ge) ≈ 2.1 nm, respectively. Moreover, the mean free path l e will be longer than in metal due to the lower carrier density at the interface. Also mechanical properties of the nanowires formed between the flat clear crystalline germanium surface and amorphous metal define proper conditions for the formation of stable contacts. Further studies are required to elucidate the mechanism of attaining stable atomic arrangements at semiconductor interface. Figure 2a shows conductance traces of nanowires with QPC formed at the interface between a Co tip and a Ge surface (traces 1 to 250, step 20). The conductance histogram built from all 250 conductance traces is shown in Fig. 2b . Three long-duration plateaus of reproducible levels can be found in conductance traces, which proves that the process of nanowire forming and drawing was highly reproducible. These three stable conductance plateaus stem from the attainment of stable atomic arrangement. It should be also noted that the range of tip movement in the z direction was 8 µm, which implies breaking of each nanowire formed. The high reproducibility of the conductance traces leads to very sharp peaks in the conductance histogram. They do not correspond to integer numbers of the quantum conductance indicating a formation of stable atom arrangements. The conductance then depends on the exact atomic and crystallographic structure of the apexes on both sides of a nanocontact, as well as on the exact electronic structure of the whole nanocontact. Moreover, even assuming the Co nanocontact is of single-atomic size, one still can have more transport channels as both 4s and 3d electrons can contribute to transport (2s and 7d electrons in Co). From the conductance traces presented in Fig. 2a , it is possible to find out that there are much fewer conductance steps than the number of histogram peaks. It means that only some of the particular atomic arrangements appear consecutively one after the other during breaking of nanowires forming particular history of breaking. This rises the following questions about possible correlation between different arrangements: whether the presence of one particular arrangement determines the appearance of a different one, that is correlated with the first one, or on the contrary, whether some arrangements never follow some of the previous arrangements. In order to answer these questions we suggest a new type of analysis, namely, a correlation histogram. In Fig. 3 we present plot that contains information about correlations between different conductance plateau values from Fig. 2b . At the diagonal, there is exactly the usual histogram presented in Fig. 2b indicated by corresponding letters, and out of the diagonal, there are peaks that provide information about correlation between two different values of conductance as indicated at the vertical and horizontal axes. For example, there is strong correlation peak for a and c conductance histogram peaks. On the other hand, there is lack of the correlation for the peaks a and b. It means that both atomic arrangements do not appear in the same sequence of arrangements formed during a particular breaking procedure. Following this analysis we can find three typical scenarios of the nanowire breaking. The first one (i) is f -c-a, the second (ii) g-e-b, and the third (iii) f -d-a. We can see that the scenario (iii) is just a small modification of (i), where the arrangement c is replaced by d. However, both arrangements c and d are not correlated which means that they do never appear together. It is interesting that sequence (ii) is independent of (i) and (iii) since it does not share any common arrangements.
This new type of analysis can provide new information on correlation between different atomic arrangements formed consecutively during the formation and breaking of contacts in the metallic nanowires, that allow for more detailed comparison with advanced theoretical simulation of the formation of atomic QPCs.
